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Abstract: We carry out global fits to the Non-Universal Higgs Model (NUHM), applying
all relevant present-day constraints. We present global probability maps for the NUHM
parameters and observables (including collider signatures, direct and indirect detection
quantities), both in terms of posterior probabilities and in terms of profile likelihood maps.
We identify regions of the parameter space where the neutralino dark matter in the model
is either bino-like, or else higgsino-like with mass close to 1 TeV and spin-independent
scattering cross section ∼ 10−9 − 10−8 pb. We trace the occurrence of the higgsino-like
region to be a consequence of a mild focusing effect in the running of one of the Higgs
masses, the existence of which in the NUHM we identify in our analysis. Although the
usual bino-like neutralino is more prominent, higgsino-like dark matter cannot be excluded,
however its significance strongly depends on the prior and statistics used to assess it. We
note that, despite experimental constraints often favoring different regions of parameter
space to the Constrained MSSM, most observational consequences appear fairly similar,
which will make it challenging to distinguish the two models experimentally.
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1. Introduction
Softly broken low-energy supersymmetry (SUSY) has many attractive features [1]. For
example, unlike the Standard Model (SM), it provides an elegant solution to the gauge
hierarchy problem and a natural weakly-interacting dark matter (DM) candidate, in addi-
tion to accounting for gauge coupling unification. On the other hand, SUSY itself has to
be (softly) broken in order to make contact with reality, which in the general Minimal Su-
persymmetric Standard Model (MSSM) introduces a large number of new free parameters,
namely the soft masses. Because of SUSY’s natural link with grand unification theories
(GUTs), one often explores SUSY models by imposing various boundary conditions at the
GUT scale. The most popular model of this class is the Constrained MSSM (CMSSM) [2],
in which not only do gaugino soft masses unify to m1/2 but also soft masses of all the
sfermions and Higgs doublets unify to m0. These parameters, along with a common tri-
linear mass parameter A0 and the ratio of Higgs vacuum expectation values tan β, form
the four continuous parameters of the CMSSM. The relative simplicity of the model makes
a very attractive playground for many studies.
On the other hand, precisely because of its economy, the CMSSM may be missing some
features of unified models with less restrictive boundary conditions at the unification scale.
In particular, the assumption of Higgs (soft) mass unification with those of the sfermions
does not seem strongly motivated since the Higgs and matter fields belong to different
supermultiplets. One explicit example where this is the case is a minimal SO(10) super-
symmetric model (MSO10SM) [3], which is well motivated and opens up a qualitatively new
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region of parameter space [4]. Models like this provide a good motivation for exploring a
wider class of phenomenological models in which the soft masses mHu and mHd (as defined
at the GUT scale) of the two Higgs doublets are treated as independent parameters and
which come under the name of the Non-Universal Higgs Model (NUHM) [5]. 1
We assume, as ever, a Minimal Flavor Violating (MFV) scenario with no additional
flavor violating terms appearing beyond the SM ones. In the NUHM, there are therefore
six continuous free parameters:
m0,m1/2, tan β,A0,mHu and mHd . (1.1)
The Renormalization Group Equations (RGEs) are then used to evaluate masses and cou-
plings at the electroweak scale and the Higgs potential is minimized in the usual way.
Electroweak Symmetry Breaking (EWSB) conditions for NUHM read:
µ2 =
m2Hd −m2Hu tan2 β
tan2 β − 1 −
1
2
m2Z , (1.2)
m2A = m
2
Hd
+m2Hu + 2µ
2, (1.3)
where mA stands for the mass of the pseudoscalar Higgs A and µ is the SUSY-preserving
Higgs/higgsino mass parameter. In the above equations all the parameters are evaluated
at the usual electroweak scale MSUSY ≡ √mt˜1mt˜2 (where mt˜1,t˜2 denote the masses of the
scalar partners of the top quark), chosen so as to minimize higher order loop corrections.
AtMSUSY the (1-loop corrected) conditions of EWSB are imposed and the SUSY spectrum
is computed at mZ .
Like in the CMSSM the sign of µ remains undetermined. On the other hand, in contrast
to the CMSSM, because of the larger number of free parameters Eqs. (1.2) and (1.3) allow
one to treat both µ and mA as independent parameters in place of high scale parameters
mHu and mHd . This will have an important impact on the properties of the model. In
particular, the ability to effectively choose the position of the A funnel or to tune µ for a
given point in the parameter space to give a correct relic abundance of the neutralino DM
will lead to very different phenomenological predictions, as we will see below.
The moderately increased number of free parameters of the NUHM has been shown
to lead to a rich and distinct phenomenology (see, for example [8, 9, 10, 11] and references
therein). In particular, there is a larger variety of choices for the lightest superpartner
(LSP). In the CMSSM the LSP is either the lightest neutralino or the lighter stau or, in
some relatively rare cases, the lighter stop. In contrast, in the NUHM, the LSP can in
addition be a sneutrino or right handed selectron [9]. In this, as in previous analyses, we
do not consider the possibility of a gravitino LSP. Assuming the LSP to be the dark matter
in the Universe eliminates states that are not electrically neutral and leads to a non-trivial
constraint on the parameter space. However, the near degeneracy of many states with
the LSP leads to a great variety of co-annihilation channels. Also, given that mA can
now be treated effectively as a free parameter, the resonance channel can be important
in different ways from the CMSSM. Also, as we will see, there are sizable regions of the
1A reduced version of NUHM with mHu = mHd has also been examined in several papers, eg [6, 7].
– 2 –
parameter space where the neutralino is actually higgsino-like while giving the correct dark
matter abundance. Such regions cannot be excluded although their statistical significance is
presently difficult to determine, as we will show. Although in general a higgsino-dominated
LSP in the mass range of several hundred GeV, or less, underproduces dark matter [12],
as its mass increases the transition to higgsino dark matter can provide an acceptable
relic density. In general these effects will be important to give the correct relic density in
different parts of the parameter space of the model.
The larger number of parameters makes a full exploration of the NUHM parameter
space even more challenging than that of the CMSSM. There are several important reasons
why it might be advantageous to adopt a Markov Chain Monte Carlo (MCMC) sampling
technique to perform a global scan, as we do in the present paper. First, fixed grid scans
of the likelihood become rapidly inefficient with the increase of the dimensionality of the
model’s parameter space, as the computational effort required scales exponentially with
the number of dimensions of the parameter space. Secondly, typically such scans do not
have sufficient resolution to map out in detail the finer structure of the likelihood surface.
The combination of those two aspects means that fixed grid scans are typically limited to
exploring 2-dimensional slices of the likelihood at the time, while fixing all other param-
eters to arbitrary values. This leads to a large underestimation of the uncertainty in the
parameters one is interested in studying and to limiting the ability to perform global scans
of the model’s parameter space. For example, fixed-grid scans identify in the CMSSM
so-called ”WMAP strips” in various 2-dimensional slices, i.e., tightly constrained regions
of parameter space where the relic abundance is in good agreement with the WMAP value.
However, the use of global scans which fit all model parameters simultaneously allows one
to reveal that such strips only arise because the other parameters of the model (typically,
A0 and tan β) have been fixed at arbitrary values. Once those quantities are incorporated
in a global scan, the WMAP strips disappear and become unified in much wider error
regions.
Recently, such difficulties have been overcome thanks to the introduction of MCMC
scanning techniques coupled to Bayesian statistics (for recent studies of the CMSSM,
see [13, 14]).2 This methodology presents several significant advantages – as the com-
putational effort of MCMC scales approximately linearly with the number of dimensions
being scanned, all relevant parameters can be included simultaneously in the fit. This
allows one to incorportate important residual uncertainties in the SM parameters, as well.
The more efficient exploration of the likelihood allows one to efficiently explore regions of
the models parameters that are not easily accessible in the usual fixed-grid scans. An-
other important aspect of the technique being used here is that, once the samples from
the posterior have been accumulated, one can investigate both Bayesian maps (in terms of
posterior distributions) and frequentist ones (the profile likelihood), in order to assess the
robustness of the result with respect for example to different priors or choices of statistics.
Whenever we consider the profile likelihood, we have of course removed the prior weight
and are therefore effectively showing samples from the likelihood alone. Finally, it becomes
2An alternative χ2-based approach has been pursued in Ref. [15].
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possible to produce probability maps of any derived quantity that one is interested in, and
of its correlations with any other variable of interest. Altogether, those advantages make
MCMC methods a powerful tool for the global exploration of the NUHM parameter space.
In this paper we investigate global fits of the NUHM parameter space with a modified
version of the SuperBayeS package [16]. Our fits include all the relevant constraints coming
from experiment, in particular, the branching ratio of b → sγ, the difference δ(g − 2)µ
between the experimental and SM values of the magnetic moment of the muon, the LEP
limits on sparticle and Higgs masses, the 5 year WMAP limits on the relic density ΩCDMh
2
and several other measured but imprecisely known quantities that SUSY can contribute
to. It should be noted that we take a wider range of parameters than previous scans in the
literature (up to 4 TeV in the case of the soft masses), and the MCMC technique allows
us to vary all our parameters such that we also consider A0 6= 0, while at the same time
varying relevant SM parameters. As our statistical measures we will apply a Bayesian
posterior probability density function and profile likelihood, both to be introduced below.
The paper is organised as follows. In sec. 2 we summarise the statistical formalism that
we employ and list the constraints that we apply in our numerical analysis. Next, in sec. 3
we present the constraints on NUHM parameters resulting from our global scan and discuss
the main features, including the possibility of higgsino DM and a mild focusing effect. We
also discuss some implications for phenomenology, including direct and indirect SUSY
searches in colliders, while in sec. 4 we discuss prospects of direct and indirect detection of
the neutralino dark matter in the model. We conclude and summarize our results in sec. 5.
We also illustrate the prior dependence of some of our results in Appendix A.
2. Outline of the statistical treatment
In comparison to earlier analyses of the CMSSM [13, 14, 17] here we have a larger base
parameter set, defined by
θ = (m1/2,m0, A0, tan β,mHu ,mHd), (2.1)
where we fix sgn(µ)= +1. As the relevant SM parameters, when varied over their ex-
perimental ranges, have impact on the observable quantities, fixing them at their central
values would lead to inaccurate results. Instead, here we incorporate them explicitly as
free parameters (which are then constrained using their measured values), which we call
nuisance parameters ψ, where
ψ = (Mt,mb(mb)
MS , αem(mZ)
MS , αs(mZ)
MS). (2.2)
In Eq. (2.2) Mt denotes the pole top quark mass, while the other three parameters:
mb(mb)
MS – the bottom quark mass evaluated at mb, αem(MZ)
MS and αs(MZ)
MS –
respectively the electromagnetic and the strong coupling constants evaluated at the Z pole
mass mZ - are all computed in the MS scheme. Using notation consistent with previous
analyses we define our now ten basis parameters as
m = (θ, ψ) (2.3)
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which we will be scanning simultaneously with the MCMC technique. For each choice of
m various colliders or cosmological observables will be calculated. These derived variables
are denoted by ξ = (ξ1, ξ2, . . .), which are then compared with the relevant available data
d. The quantity we are interested in is the posterior probability density function (pdf), or
simply posterior, p(m|d) which gives the probability of the parameters after the constraints
coming from the data have been applied. The posterior follows from Bayes’ theorem,
p(m|d) = p(d|ξ)pi(m)
p(d)
, (2.4)
where p(d|ξ), taken as a function of ξ for fixed data d, is called the likelihood (where the
dependence of ξ(m) is understood). The likelihood is the quantity that compares the data
with the derived observables. pi(m) is the prior which encodes our state of knowledge of
the parameters before comparison with the data. This state of knowledge is then updated
by the likelihood to give us the posterior. p(d) is called the evidence or model likelihood,
and in our analysis can be treated as a normalisation and hence is ignored subsequently.
(See instead [18] for an example of how the evidence can be used for model comparison
purposes.)
Our inference problem is fully defined once we specify the prior on the rhs of Bayes’
theorem Eq. (2.4). We present our main results below for the following choice of priors
(which we call our log prior case): a uniform prior on logm1/2, logm0, logmHu and logmHd ,
in the range 50 GeV < m0,m1/2 < 4 TeV and 0 < mHu ,mHd < 4 TeV, and a uniform prior
on A0 and tan β in the ranges |A0| < 7 TeV and 2 < tan β < 62. Notice that by this range
of mHu and mHd , and taking sgn(µ) > 0, we automatically satisfy the GUT stability
constraint of ref. [9].
Our choice of a prior uniform in the log of the masses is dictated by both physical
and statistical reasons. From the physical point of view, log priors explore in much greater
detail the low-mass region, which exhibits many fine-tuned points that can easily be missed
otherwise. From the statistical point of view, log priors give the same a priori weight to
all orders of magnitude in the masses, and thus appear to be less biased to giving larger
statistical a priori weights to the large mass region, which under a flat prior has a much
larger volume in parameter space.
In the ideal case where the likelihood is sharply peaked within the range of the prior,
the posterior is dominated by the likelihood and the details of the prior choice do not
matter. However, given present-day data even the CMSSM exhibits a certain amount of
prior dependence [19], which is however expected to be strongly reduced once future LHC
data become available [20]. We thus expect that the NUHM will also be affected by a
certain amount of prior dependence. In order to assess whether our results are robust
wrt the prior choice we also investigate a different statistical measure, namely the profile
likelihood. It is obtained from our scan by maximising over the parameters not shown
(rather than integrating over them, as one does to obtain the Bayesian posterior).3
The profile likelihood has the advantage of being a prior-independent quantity. How-
ever, it is a difficult quantity to evaluate numerically, for it requires a maximisation along
3The procedure for evaluating the profile likelihood that we use can be found in Ref. [19].
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the directions one is profiling over. Therefore, it is very difficult to ensure that sparse-
sampling schemes (such as MCMC) have gathered a sufficient number of samples to guar-
antee that the profile likelihood obtained from them can be deemed to be stable and robust.
We stress that the MCMC algorithm we adopt in our study is not designed to achieve a
maximisation of the likelihood – rather, the MCMC exploration is targeted at obtaining
samples from modes of large posterior mass. This is of special concern for multi-dimensional
parameter spaces with a fragmented, multi-modal likelihood function such as the one being
considered here. Indeed, the analysis of Ref. [21] showed that a genetic algorithm can be
used to find better fitting points than those returned by MCMC (albeit with a computa-
tional effort which is about 10 times larger). Related statistical issues in connection with
profile likelihood coverage properties have also been recently discussed in [22]. Since profile
likelihood confidence intervals depend on the value of the best fit likelihood, this implies
that the results we present below for profile likelihood intervals have to be interpreted
with great caution. In particular, the best-fit points we report below (and their χ2 values)
should be considered as representative of the the various physical regions in parameter
space, rather than the absolute global best fits. The aim of this work is to achieve a first
global exploration of the NUHM, and therefore we leave the detailed discussion of the sta-
bility of the profile likelihood reconstruction from MCMC methods to a future, dedicated
study [23].
In fact, the profile likelihood and the Bayesian posterior ask two different statistical
questions of the data: the latter evaluates which regions of parameter space are most plau-
sible in the light of the measure implied by the prior (and is thus in general prior dependent
except when the data are sufficiently constraining to overrule any sensible choice of prior);
the former singles out regions of high quality of fit, independently of their extent in param-
eter space and of the prior choice, thus disregarding the possibility of them being highly
fine-tuned. The information contained in both is relevant and interesting in evaluating the
viability of the underlying physical properties of the model (possible collider signatures,
etc) which of course do not depend on our statistical tools per se. However, our conclu-
sions about the plausibility of such physical properties might be different depending on the
exact statistical question asked of the data, e.g., whether one considers a posterior pdf or a
profile likelihood (in the simple case of a Gaussian distributed quantity, both the pdf and
the profile likelihood are identical and thus the question of which to choose does not arise).
In Appendix A we examine the robustness of our results with respect to a change of priors
in the mass variables.
The SM parameters are assigned flat priors over a sufficiently wide range and are then
constrained by applying Gaussian likelihoods representing the experimental observations
(see table 1). The Gaussian likelihoods being much more sharply peaked than the flat
prior range, we find that the posterior is completely dominated by the likelihood for the
SM parameters.
The predictions for the observable quantities are obtained by using SoftSusy 2.0.5
and DarkSusy 4.0 [24, 25] as implemented in the SuperBayeS code. The likelihoods for
the relevant observables are taken as Gaussian (for measured observables) with mean µ,
experimental errors σ and theoretical errors τ (see the detailed explanation in [14]). In
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SM (nuisance) parameter Mean value Uncertainty ref.
µ σ (exper.)
Mt 172.6 GeV 1.4 GeV [28]
mb(mb)
MS 4.20 GeV 0.07 GeV [29]
αs(MZ)
MS 0.1176 0.002 [29]
1/αem(MZ)
MS 127.955 0.018 [29]
Table 1: Experimental mean µ and standard deviation σ adopted for the likelihood function for
SM (nuisance) parameters, assumed to be described by a Gaussian distribution.
Observable Mean value Uncertainties ref.
µ σ (exper.) τ (theor.)
mW 80.392 GeV 29 MeV 15 MeV [30]
sin2 θeff 0.23153 16× 10−5 15× 10−5 [30]
δ(g − 2)µ × 1010 27.5 8.4 1 [31]
BR(B → Xsγ)× 104 3.55 0.26 0.21 [32]
∆MBs 17.33 ps
−1 0.12 ps−1 4.8 ps−1 [33]
Ωχh
2 0.1099 0.0062 0.1Ωχh
2 [34]
Limit (95% CL) τ (theor.) ref.
BR(Bs → µ+µ−) < 5.8× 10−8 14% [35]
mh > 114.4 GeV (91.0 GeV) 3 GeV [36]
ζ2h f(mh) negligible [36]
sparticle masses See table 4 in ref. [14].
Table 2: Summary of the observables used in the analysis. Upper part: Observables for which a
positive measurement has been made. δ(g− 2)µ denotes the discrepancy between the experimental
value and the SM prediction of the anomalous magnetic moment of the muon (g− 2)µ. For central
values of the SM input parameters used here, the SM value of BR(B → Xsγ) is 3.11× 10−4, while
the theoretical error of 0.21 × 10−4 includes uncertainties other than the parametric dependence
on the SM nuisance parameters, especially on Mt and αs(MZ)
MS . For each quantity we use a
likelihood function with mean µ and standard deviation s =
√
σ2 + τ2, where σ is the experimen-
tal uncertainty and τ represents our estimate of the theoretical uncertainty (see [14] for details).
Lower part: Observables for which only limits currently exist. The likelihood function is given
in ref. [14], including in particular a smearing out of experimental errors and limits to include an
appropriate theoretical uncertainty in the observables. mh stands for the light Higgs mass while
ζ2h = g
2(hZZ)MSSM/g
2(hZZ)SM, where g stands for the Higgs coupling to the Z and W gauge
boson pairs.
the case where there only an experimental limit is available, this is given, along with
the theoretical error. The smearing out of bounds and combination of experimental and
theoretical errors is handled in an identical manner to [14].
Any points that fail to provide radiative EWSB, give us tachyonic sleptons or provide
the LSP which is not the lightest neutralino are excluded. As in previous works [14, 17, 26],
we adopt a Metropolis-Hastings MCMC algorithm to sample the parameter space. We
have also cross-checked our results by employing the more recently implemented MultiNest
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algorithm [27, 19] and the findings are compatible (up to numerical noise). The results
presented in the rest of this paper are obtained from the 25 chains that were used, garnering
a total of 3×105 samples each, with an acceptance rate of around 4%. Convergence criteria
are the same as in our previous papers [14, 17, 26].
3. Global constraints on NUHM parameters
In this section we present some results from our global scans of the NUHM parameter
space.
3.1 Probability maps of NUHM parameters
To start with, in the top row of fig. 1 we plot joint 2D posteriors for some combinations
of the NUHM base parameters, marginalising over the parameters not shown. In the
bottom row, we plot instead the profile likelihood, where the other parameters have been
maximised over. In terms of the posterior pdf, we can see that the 68% probability region
(inner contour) for m1/2 and m0 is remarkably well confined to mostly a fairly low mass
region of m1/2 ∼< 1 TeV and m0 ∼< 1.4 TeV, where also the overall best fit point, marked
by a blue triangle is located (see below for further discussion). However, the 95% posterior
region (outer contour) is much wider and extends to much larger ranges of both parameters.
This signals that the constraining power of the data is not sufficient to strongly confine
the posterior. Turning to the middle panel, we can see a preference for moderately large
tan β ∼< 40, as well as for positive A0, although zero or negative values of A0 are not
excluded. Finally, regarding the new parameters beyond the CMSSM, we see that mHu is
fairly poorly constrained while mHd favors rather low values, ∼ 1 TeV at 95% probability.
It is worth comparing the posterior regions of the NUHM with those for the analogous
parameters in the CMSSM. The two top left panels in fig. 1 are directly comparable with
the corresponding bottom panels in Fig. 13 of [19] for the CMSSM. It is clear that, while
in both the CMSSM and the NUHM high probability regions are given by rather low
m1/2 and m0 (assuming the log prior, see Appendix A for further comments on prior
dependence), but actually they are different and favored by different physical mechanisms.
As is well known, in the CMSSM this is mostly the neutralino-stau coannihilation region
of m0 ≪ m1/2 ∼< 1 TeV [19] (plus a tiny vertical region of Z and h pole annihilation),
while in the NUHM the analogous (mentioned above) “low-mass” ranges m1/2 ∼< 1 TeV
and m0 ∼< 1.4 TeV corresponds to the “bulk region” where A funnel annihilation play a
dominant roˆle. In both models, the favored ranges (and also best fit points) of tan β are
rather moderate (although in the CMSSM very large values of around 55 are also allowed
at 68%, in contrast to the NUHM). Finally, A0 in both models shows a mild preference for
positive values but otherwise is not well constrained. Also shown in fig. 1 (as triangles)
are the best-fit points corresponding to the different regions divided by three different
neutralino DM compositions: mostly gaugino (Zg > 0.7), mixed (0.7 < Zg < 0.3) and
mostly higgsino (Zg < 0.3), where Zg = Z
2
11+Z
2
12 and Z
2
11 and Z
2
12 are the respective bino
and wino fractions. We will come back to this point below when we discuss dark matter
aspects of the model.
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Figure 1: Top panels: the 2D posterior for the log prior choice in the planes spanned by three
pairs of NUHM parameters: (m1/2,m0), (tanβ,A0) and (mHd ,mHu) for µ > 0. The inner (outer)
blue solid contours delimit regions encompassing 68% and 95% of the total posterior probability,
respectively. Triangles mark the location of the best-fit points for each of the three different DM
compositions: mostly gaugino (blue), mostly higgsino (red) and mixed (green); see text for details.
The overall best-fit is the blue triangle, see Table 3 and discussion below. Bottom panel: profile
likelihood maps for the same quantities, where all other parameters have been maximised over.
Contours denote 68% and 95% confidence regions from the profile likelihood.
Turning now to the profile likelihood maps (bottom panels of Fig. 1, we see that the
confidence contours from this statistical measure are much more strongly confined than
the posterior. The favoured region at 95% from the profile likelihood is always inside the
68% posterior region obtained from the posterior. This constraints all of the NUHM soft
masses to be below ∼ 1 TeV, with A0 confined within ±2 TeV around zero and moderate
values of tan β between some 20 and 40 being preferred. This striking difference between
the posterior and the profile likelihood can be understood with the help of Fig. 2 which
investigates some of the observables that play a key roˆle in determining the favored regions
of NUHM parameter space using either statistics, namely the neutralino relic abundance
Ωχh
2, BR(B → Xsγ), the SUSY contribution to (g−2)µ and the light Higgs massmh. The
– 9 –
Figure 2: The 1D posterior probability density (red, from our log prior scan) and the profile
likelihood (green) for Ωχh
2 (upper left panel), BR(B → Xsγ) (upper right panel), δ(g− 2)µ (lower
left panel) and the light Higgs mass mh (lower right panel). In each panel we also plot the the
likelihood function used to constrain the observable (solid black).
tight WMAP constraint on Ωχh
2 in the likelihood is well matched by the shape of the 1D
pdf as well as by the profile likelihood, showing that this particular observable can be well
fitted in the model. On the contrary, we observe a certain discrepancy between the 1D pdf of
BR(B → Xsγ) and the likelihood function. The posterior shows a rather strong preference
for what is basically the SM value of the observable. The same effect can be seen in the
posterior for (g− 2)µ, which is strongly peaked at very small values. Both those effects are
a consequence of the fact that, under the prior measure chosen, the vast majority of points
in the NUHM parameter space leads to a prediction for BR(B → Xsγ) and (g− 2)µ which
– 10 –
Roszkowski, Ruiz, Trotta, Tsai & Varley (2010) Roszkowski, Ruiz, Trotta, Tsai & Varley (2010) Roszkowski, Ruiz, Trotta, Tsai & Varley (2010) 
Figure 3: Top row: The 1D posterior probability and the profile likelihood for the lightest
neutralino mass mχ (left panel), the lightest chargino mχ±
1
(middle panel) and the gluino mg˜ (right
panel). Bottom row: the same quantities for the mass of the lightest neutralino mA (left panel),
the first stau mτ˜1 (middle panel) and a squark mq˜r (right panel).
is very close to their SM value. The likelihood function is not strong enough to completely
override this preference, and hence the posterior remains influenced by the prior. This
statistical effect has already been noticed in the case of the CMSSM [37, 26, 19]. The
profile likelihood for BR(B → Xsγ) and (g − 2)µ instead follows closely the values of the
likelihood function. This shows that there are indeed a small number of samples in our
chains which achieve both the correct BR(B → Xsγ) and (g − 2)µ values. As we shall
show below, it is in fact the (g − 2)µ constraint that mostly drives the fit. However, since
the number of the samples which provide a good fit to both observables is so small, their
posterior probability is suppressed, as in Bayesian statistics points that are finely tuned wrt
the prior measure are penalized. We therefore conclude that the tight constraints on the
NUHM parameters obtained from the profile likelihood are largely driven by the need to fit
both BR(B → Xsγ) and (g − 2)µ, two observables that appear to be in some tension [38].
Finally, the posterior formh still allows fairly low values of the Higgs mass. Interesting,
unlike in the CMSSM, the lightest Higgs is not necessarily SM-like and therefore the 95%
LEP lower bound on SM Higgs mass should only be considered as indicative. In fact, our
analysis fully accounts for the possibility of non SM-like Higgs in the likelihood. The same
conclusion remains qualitatively valid even in terms of the profile likelihood statistics.
Moving on to the sparticle spectrum of the best-fit point, we present in the top row
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of fig. 3 the 1D posterior and profile likelihood for the lightest neutralino (left panel), the
lighter chargino (middle panel) and the gluino (right panel). In each case, the secondary
bump observed in the posterior at mχ ∼ 1 TeV, mχ±1 ∼ 1 TeV and mg˜ ∼ 6 TeV is a
reflection of the parameter space region leading to higgsino DM, as we will discuss in
detail below. In the bottom row, we show the posterior and profile likelihood for the
pseudoscalar Higgs and sleptons. The non-universality of mHu and mHd in the NUHM
can lead to a large positive value for the S parameter, defined in the RGEs as: S =
m2Hu−m2Hd+Tr
[
m2Q −m2L − 2m2u¯ +m2d¯ +m2e¯
]
, where the parameters in boldface denote
3× 3 soft mass parameters. In general the S parameter is a fixed point in the RGEs of the
CMSSM, but in the NUHM it can be nonzero and make large contributions to the running
of many of the scalars, leading to, for example several light sleptons. However, we do not
find this to be the case.
The first column of Table 3 gives the best fit values for the NUHM base parameters
and for a number of quantities of particular interest, as well as the overall χ2 value and
the pull of each observable. The dominant role of the (g − 2)µ constraint in driving the
fit towards the small mass region will be discussed in more detail at the end of the next
subsection where we examine the higgsino-dominated DM and address the question of its
statistical viability.
3.2 Higgsino dark matter in the NUHM
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Figure 4: A distribution of the gaugino fraction Zg in the plane of (m1/2,m0) for samples
uniformly selected from our MC chains. The color coding is as follows: red dots correspond to
Zg < 0.3 (mostly higgsino), green squares to 0.3 < Zg < 0.7 and blue diamonds to Zg > 0.7 (mostly
gaugino). The triangles denote the best fit point for each cloud of samples of a given respective
gaugino fraction (of corresponding color) taken separately. The overall best-fit is in the gaugino-like
DM region.
An interesting feature of the NUHM is the possibility of higgsino-like neutralino DM,
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Zg composition Zg > 0.7 0.7 < Zg < 0.3 Zg < 0.3
Base parameters
m1/2 0.224 TeV 1.43 TeV 2.83 TeV
m0 0.174 TeV 1.13 TeV 1.19 TeV
mHu 0.129 TeV 1.90 TeV 3.15 TeV
mHd 0.162 TeV 0.927 TeV 0.263 TeV
A0 1.56 TeV 2.64 TeV 2.17 TeV
tan β 20.4 40.6 39.0
Observables
Ωχh
2 0.111 0.112 0.108
Zg 0.989 0.655 0.00256
mχ 88.6 GeV 593 GeV 1.04 TeV
m±χ 488 GeV 640 GeV 1.05 TeV
σSIp (pb) 2× 10−9 1.44 × 10−7 1.81 × 10−8
Annihilation channels
〈σannv〉 (Dom.) χ01χ01 → ττ (57%) χ01χ01 → tt¯ (15%) χ01χ+1 → ud¯(8%)
〈σannv〉 (Sub.) χ01τ˜1 → Aτ (11%) χ01χ01 → bb¯ (13%) χ01χ+1 → cs¯(8%)
Pulls for observables
χ2Ωχh2 < 0.01 0.04 0.03
χ2Higgs 0.84 0.08 < 0.01
χ2sparticles < 0.01 0.0 0.0
χ2nuisance < 0.01 0.68 0.77
χ2(g−2)µ < 0.01 8.10 9.80
χ2b→sγ < 0.01 0.08 0.06
χ2mW 0.56 1.42 1.22
χ2
sin2 θeff
0.36 0.06 0.05
χ2∆MBs
< 0.01 0.16 0.23
Quality of fit and parameter space fraction
χ2tot 1.76 10.62 12.16
Parameter space 80.5% 7.4% 12.1%
Table 3: Best-fit points in each of the three different regions regarding the neutralino dominant
composition: mostly gaugino (Zg > 0.7), mixed (0.7 < Zg < 0.3) and mostly higgsino (Zg < 0.3)
regions. The overall best-fit is in the gaugino region, where the neutralino is mostly bino (left
column). The bottom section shows the corresponding χ2 value and the parameter space fraction
covered by each region.
as we have already mentioned above.4 That this possibility exist in the NUHM should
come as no surprise, since the µ parameter can now be chosen as a free parameter, and
thus adjusted such as to give the correct amount of the relic density. On general ground, in
order to satisfy this constraint in the MSSM-type models, the LSP neutralino must either
4The possibility of higgsino-like LSP in the NUHM has also been noticed in [39] but not explored in
more detail.
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be mostly bino-like (like in the CMSSM) if the bino soft massM1 < |µ|, a sufficiently heavy
higgsino-like state with |µ| < M1, or a mixed region in between the two.
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Figure 5: Left panel: Posterior probability distribution for the neutralino mass mχ and its
gaugino fraction Zg. Right panel: corresponding profile likelihood. As above, triangles mark the
location of the best-fit points for each of the three different DM compositions: mostly gaugino
(blue), mostly higgsino (red) and mixed (green). The overall best-fit is given by the blue triangle.
On the other hand, it is not at all clear to what extent satisfying the relic abundance
condition in a specific unified model like the NUHM is allowed by the other constraints
that are currently available. This is an interesting issue, since the viability of the higgsino
region in the NUHM could potentially lead to a phenomenological differences with the
CMSSM, where the neutralino is mostly a bino.
To start with, in Fig. 4 we show in the plane (m1/2,m0) a distribution of samples
uniformly selected from our MC chains, which are color-coded according to the gaugino
fraction Zg of the lightest neutralino. Red circles correspond to a mostly higgsino state,
Zg < 0.3, green squares to a mixed state (0.3 < Zg < 0.7) and blue diamonds to mostly
gaugino neutralino, Zg > 0.7. Notice that, differently from usual “random scans” of the
parameter space, in the case of Fig. 4 the density of samples reflects their relative posterior
probability (as a consequence of them having been drawn using MCMC), hence we can make
quantitative probabilistic statements about the relative viability of the different regions
given our choice of prior.
The higgsino DM region corresponds to large values of m1/2 (within the 2σ posterior
contour in the left panel of Fig. 1). As m1/2 becomes smaller, the bino-dominated fraction
takes over, since in this region the neutralino mass is approximated by M1, which scales
withm1/2. In between the two, we find a relatively smaller sample of mixed-type neutralino
cases. The triangles denote the best fit point for each cloud of samples of a given respective
– 14 –
gaugino fraction (of corresponding color) taken separately.
Fig. 5 shows the posterior pdf (left panel) and the profile likelihood (right panel) for
the gaugino fraction of the neutralino vs.its mass. In the posterior distribution, the upper
left island of probability corresponds to bino-like LSP, while the bottom right region around
1 TeV corresponds to the higgsino case. However, as mentioned above, the higgsino-like
region is strongly disfavoured by the profile likelihood, as can be seen in the right panel.
In this particular projection, the mixed region has too little statistical weight to be visible.
While the presence in the NUHM of a sizable region of parameter space where the
LSP has a large higgsino fraction, as shown in Fig. 4, can easily be understood at the
electroweak scale if one treats µ as a free parameter, it is interesting to investigate the
underlying mechanism at the unification scale. Below we show that in the NUHM the
appearance of the higgsino-like LSP is a consequence of an interesting feature of the model
which is the existence of a mild focusing effect in the RG running of mHu , akin, but
identical, to that in the CMSSM [40].
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Figure 6: The running of m∗Hu(Q) (left panel) and m
∗
Hd
(Q) (right panel) with the log of energy
scale t = ln Q. We take A0 = 4 TeV, m1/2 = 3 TeV, tanβ = 5 and, in the NUHM case (red solid
lines), m0 = 2 TeV. In order to facilitate comparison with the CMSSM (blue dash-dotted lines), for
each curve we initially set mHd = mHu and then evolve differently for each model. In the CMSSM,
for each curve we take m0 = mHd = mHu , which is why the middle curves overlap.
For further discussion it will be convenient to introduce the running parametersm∗Hu(Q)
and m∗Hd(Q), where Q is the energy scale, defined as
m∗Hu,d(Q) = sgn
(
m2Hu,d(Q)
)
|m2Hu,d(Q)|1/2. (3.1)
Since in the RGEs the running Higgs soft mass parameters mHu(Q) and mHd(Q) appear
only in squares, which can become negative, the parameters m∗Hu,d(Q) are convenient to
deal with in the sense that they adequately reflect both the magnitude and the sign of
the respective parameters m2Hu,d(Q). In particular, the quantities m
∗
Hu,d
, without any
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arguments, will denote the respective running quantities evaluated at Q =MSUSY,
m∗Hu,d ≡ m∗Hu,d(Q =MSUSY). (3.2)
The focusing effect that we have identified is illustrated in fig. 6 where red solid lines
show the running of the NUHM parameters m∗Hu(Q) (left panel) and m
∗
Hd
(Q) (right panel)
with the log of energy scale t = ln Q. For each case we take A0 = 4 TeV, m1/2 = 3 TeV
and tan β = 5. In order to facilitate comparison with the CMSSM (blue dash-dotted
lines), for each curve we initially set mHd = mHu and then evolve differently in each
model. In the NUHM we fix also m0 = 2 TeV while in the CMSSM, for each curve we take
m0 = mHd = mHu , which is why the curves in the middle case overlap. One can see that,
in the NUHM the running of mHu is stronger for larger GUT values of the parameter, but
it is not as strong as in the CMSSM.
As a result, we can see some “squeezing” of m∗Hu compared to the GUT values mHu ,
while this is not the case with the Hd soft mass parameter. This is shown in the left panel
of Fig. 7 where islands of 68% posterior probability region of m∗Hu between some −1 TeV
and −0.5 TeV (close to the location of the best fit points) correspond to large values of
mHu (compare fig. 1), close to the assumed upper limit of the prior, nearly independently
of the Hd soft mass parameter. It is clear that m
∗
Hu
is to a large extent constrained by
the focusing effect in the RG running. On the other hand, regions where mHu tends to be
small correspond to a bino-like neutralino with the correct relic density, as we will show
below. In this case, however, mHd is confined to preferably fairly small values (∼< 2 TeV),
as otherwise one ends up with tachyonic sleptons. The corollary to this is that, in general
we have more freedom in obtaining a phenomenologically desired range of values at the
electroweak scale by appropriately choosing mHu at the GUT scale. Clearly that is not so
in the CMSSM as one can never attain smaller µ here due to the stronger FP behaviour
essentially focusing to nearly one point at the EW scale. The two distinct branches visible
in the left panel of fig. 7 correspond to the two distinct neutralino regimes, as shown in the
right panel of of the Figure. In the horizontal branch the neutralino is mostly a higgsino
(red dots), turning into mixed (green squares) while the other, an inverted V-shaped region
around m∗Hd = 0 gives us a mostly bino (blue diamonds).
Above the reach of current collider limits, the high probability regions ofmHu ,mHd and
the other soft parameters are primarily determined by requiring the correct dark matter
abundance.5 The higgsino case is obtained in the NUHM, because, as explained above, by
starting with large enough mHu at the GUT scale one arrives, via the mild focusing effect
(see fig. 6) at less negative values of m∗Hu at the EW scale. In the limit |m∗Hd | ≪ |m∗Hu |
and large enough tan β, Eq. (1.2) would imply µ ≃ |m∗Hu |. In reality, in the NUHM this
limit is often violated and as a result µ comes out somewhat larger. On the other hand,
mχ ≃ |µ| has to be large enough to give an acceptable relic density, as mentioned before.
Numerically, this leads to µ ∼> 0.8 TeV, which translates (via 0.4m1/2 ≃ M1 > |µ|) to
m1/2 ∼> 2 TeV. This explains the position of the broad higgsino region at large m1/2
in Figs. 1 and 4. The second EWSB condition, Eq. (1.3), then implies the approximate
relation m2A ≃ m∗ 2Hd + µ2 which we have checked numerically to hold.
5Exploratory runs with the constraint switched off yield much wider ranges of parameters.
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Figure 7: Left panel: posterior probability for m∗Hu and m
∗
Hd
, with the best-fit points for each
of the three DM composition types marked by triangles as above. Right panel: A distribution of
the gaugino fraction Zg in the same plane of samples uniformly selected from our MC chains. The
color coding is as before. The triangles denote the best fit point for each cloud of samples of a given
respective gaugino fraction (of corresponding color) taken separately. The overall best-fit is in the
gaugino-like DM region.
The condition µ ∼> 0.8 TeV is reflected in the vertical red band (higgsino-like DM) in
the left panel of Fig. 8 where we show the distribution of samples (color-coded according
to the gaugino fraction) in the plane (mχ,mA). On the other hand, as µ increases, so
does Ωχh
2 which quickly becomes unacceptably large. As a result one finds a strong
concentration at µ ≃ 1 TeV, corresponding to higgsino LSP (compare middle panel). On
the other hand, the diagonal branch in fig. 8 corresponds to the second way of arriving
at the correct relic density, namely via an A resonance annihilation of bino-like neutralino
which is clearly also realized in the NUHM. In this case the LSP mass mχ extends over
a range of values and the correct relic density is achieved when mA ≃ 2mχ, as one can
clearly see in the left panel of fig. 8. On the other hand, there appear to be little correlation
between mA and µ (right panel of the Figure).
As we have seen, a great majority of viable points in our scans of the NUHM parameter
space give bino-like DM, while it is the higgsino-like cases that could lead to a potentially
striking distinction from the CMSSM. It is therefore worth assessing the statistical viability
of higgsino DM in the NUHM.
In terms of posterior probability, the relative probability of each DM composition
(mostly higgsino, mostly bino or mixed) can be determined by counting the number of
independent samples of each type. We find that, under the assumption of the log prior, the
probability of the higgsino region is ∼ 12%, while the gaugino region has a probability of
∼ 74%, as reported in Table 3. However, those results are expected to be prior-dependent,
as we have already seen that the constraints do not appear to be sufficiently strong to
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Figure 8: From left to right, values of the gaugino fraction Zg in the planes of: (mχ,mA), (mχ, µ)
and (mA, µ), for samples uniformly selected from our MC chains obtained. The color coding is as
before.
completely override the prior choice. Therefore, we also investigate the values of the best-
fit χ2 values in each of the three regions separately, see Table 3. The overall best-fit is
in the region where the LSP is mostly gaugino, where the χ2 = 1.6. The value increases
to χ2 = 10.52 for the best-fit in the mixed region, and to χ2 = 12.12 for the higgsino
region. Therefore, from the point of view of a goodness-of-fit test, the higgsino region
would appear to be completely excluded. However, the detailed breakdown of the total
χ2 into the contribution from each observable reveals that most of the penalty for the
best-fit points in the mixed and higgsino region comes from (g− 2)µ, see bottom section of
Table 3. In fact, it is only in the bino region that an excellent fit to the observed anomalous
magnetic moment can be achieved. This has a very simple physical explanation, namely
the fact that the region where the neutralino is mostly bino is in the bulk region, hence
the value of the SUSY masses is low.
If one removes δ(g − 2)µ from the analysis, we find that the best-fit χ2 values for the
three different regions become very close to each other: χ2 = 1.60, 2.42, 2.32 for the bino,
mixed and higgsino regions, respectively. With a ∆χ2 ∼< 0.8 wrt the overall best-fit, the
best-fit higgsino DM point can no longer be ruled out even at the 1σ level if one removes
the (g − 2)µ constraint. This demonstrates that the overall best-fit value and the profile
likelihood maps are being driven to a large extent by the (somewhat controversial) δ(g−2)µ
constraint. We stress once more at this point, however, that the best-fit values found above
in each region have been derived from our MCMC samples, and therefore they cannot be
considered as necessarily being the global best fits that could be obtained with a dedicated
algorithm, optimized for likelihood maximisation. We can however consider those points
as representative of the quality of fit in each region.
At the same time, all three regions achieve very satisfactory fits of the WMAP relic
abundance, albeit via quite different physical mechanisms. In the mixed case, annihilation
to gauge bosons is required to give the right relic density, while for higgsino domination
there are coannihilation processes with the next-to-lightest neutralino and the lightest
chargino, along with tt¯ and gauge boson pair final states contributing to the required
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reduction of the relic DM density. This is a consequence of the masses of the lightest
chargino and of the two lightest neutralinos becoming very close to each other. Indeed,
the two most important annihilation channels reported in Table 1 for the higgsino best-fit
point are only just ahead of about a dozen coannihilation-based processes.
In summary, the parameters of the NUHM exhibit a rather complex structure, with
different regions of parameter space leading to very different DM compositions. We have
identified two dominant regimes: one corresponds mostly to large values of the soft mass
parameters and gives a ∼ 1 TeV higgsino-like neutralino, while the other is more similar
to the situation seen in the CMSSM, with bino dark matter and a lighter spectrum. In
between the two there is a fairly statistically insignificant number of cases corresponding
to a rather quick transition between the higgsino and bino dominated DM compositions.
Our detailed statistical analysis finds that the latter scenario is favoured, although it is not
possible to rule out robustly the former possibility. In particular, we have found that the
difference in the best-fit χ2 for the two cases is largely due to the (g − 2)µ constraint, and
as such it should be evaluated with some care.
4. Direct and indirect dark matter detection signatures
We now proceed to examine implications from our global scans for the detection of the light-
est neutralino as dark matter, considering both direct detection via its elastic scatterings
with targets in underground detectors, as well as indirect signatures of neutralino pair anni-
hilation resulting in an additional component of diffuse gamma radiation from the Galactic
center and of positron flux from the Galactic halo. The underlying formalism for both di-
rect and indirect search modes can be found in several sources. (See, e.g., [41, 42, 43, 44].)
In our analysis we have followed the procedure as well as hadronic matrix elements inputs
as presented in our earlier work [14, 26, 45]. Some investigations into this area in the case
of non-universality have also been done in the literature, see for example refs. [7, 46].
4.1 Direct detection prospects
Fig. 9 shows some quantities of interest in the plane spanned by the spin-independent
cross section σSIp and the neutralino mass mχ. The left panel shows 68% and 95% contours
from the 2D posterior pdf, with uniformly weighted samples from the posterior colour-
coded according to the neutralino composition. The right panel shows the profile likelihood
instead. For comparison, some of the most stringent 90% CL experimental upper limits are
also superimposed [47, 48, 49]. Due to the significant uncertainties in comparing theoretical
predictions with experimental direct detection limits, we have chosen not to impose those
limits in the likelihood at this stage. However, current constraints are starting to impinge
on the favoured parameter space region, whose structure and extent is fairly similar to
what is found in the CMSSM [19]. From the direct detection point of view, therefore, there
is little else than the ∼ 1 TeV higgsino-like WIMP to tell the two models apart. We also
note that in terms of the posterior pdf all of the 68% probability region (inner contours)
lies above σSIp ∼> 10−10 pb which means that the favoured spin-independent cross section
region in the NUHM will be basically completely explored by future 1-tonne detectors
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whose sensitivity reach is likely to be of that order or better. This is encouraging in terms
of being able to probe experimentally the favoured parameter space of the model. As
can be seen from the right panel of Fig. 9 , the profile likelihood result essentially singles
out a favoured region at small neutralino mass and cross section between some 10−10 and
10−8 pb. The higgsino-like region (red swarm of points in the left-hand panel) appears
ruled out in terms of the profile likelihood, but as noted above this is mostly due to the
(g − 2)µ constraint.
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Figure 9: Left panel: favoured regions (black contours, enclosing 68% and 95% probability)
for the dark matter spin-independent cross section σSIp vs. the neutralino mass mχ in the NUHM
model, together with some recent experimental upper limits (which have not been enforced in the
likelihood). Samples from the posterior are plotted in different colours, highlighting regions of
different DM composition: blue for gaugino-like, red for higgsino-like and green for the mixed type.
The triangles denote the location of the best-fit points in each region. Right panel: profile likelihood
for the same variables.
4.2 Indirect detection
Next we discuss some indirect detection modes of much current interest. We follow the
formalism and procedure outlined in ref. [45] which we briefly summarize here for com-
pleteness. In our numerical analysis we rely on DarkSusy [25] to compute the fluxes. To
start with, we compute the total γ-ray flux Φγ produced by dark matter annihilations in
the Galactic halo,
Φγ(∆Ω) =
∫ mχ
Eth
dEγ dΦγ/dEγ(Eγ ,∆Ω), (4.1)
where the cone ∆Ω is centered on the direction ψ and the integration goes over the range
of photon energies from an energy threshold Eth up to mχ. The differential diffuse γ–ray
flux arriving from a direction at an angle ψ from the Galactic center is given by
dΦγ
dEγ
(Eγ , ψ) =
∑
i
σiv
8pim2χ
dN iγ
dEγ
∫
l.o.s.
dl ρ2χ(r(l, ψ)), (4.2)
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where σiv is a product of the WIMP pair-annihilation cross section into a final state i times
the pair’s relative velocity and dN iγ/dEγ is the differential γ–ray spectrum (including a
branching ratio into photons) following from the state i. Here we consider contributions
from the continuum (as opposed to photon lines coming from one loop direct neutralino
annihilation into γγ and γZ), resulting from cascade decays of all kinematically allowed
final state SM fermions and combinations of gauge and Higgs bosons. The integral is
taken along the line of sight (l.o.s.) from the detector. It is convenient to separate factors
depending on particle physics and on halo properties by introducing the dimensionless
quantity J(ψ) ≡ (1/8.5 kpc) (0.3 GeV/cm3)2 ∫l.o.s. dl ρ2χ(r(l, ψ)) [50]. The flux is further
averaged over the solid angle ∆Ω representing the acceptance angle of the detector, and
one defines the quantity J¯(∆Ω) = (1/∆Ω)
∫
∆Ω J(ψ)dΩ. Since we are interested in the
Galactic center, we set ψ = 0.
The flux from the Galactic center critically depends on the dark matter halo profile at
small Galactic radius r where dark matter density is thought to be largest. In this analysis,
as also previously in [45], we consider the NFW model [51],
ρχ(r) =
ρs
(r/rs)[1 + (r/rs)]
2 , (4.3)
where ρs = 0.285 GeV/cm
3 and rs = 20.0 kpc, motivated by results from past numerical
simulations [52, 53]. In addition also include the Einasto model which has recently become
more favored by numerical simulations of galactic halos [54, 55],
ρ(r) = ρs exp{
[
2
α
rαs − rα
rαs
]
}, (4.4)
which has recently become favored by numerical simulations of the Galactic halo. We
adopt (thereafter called “Einasto”) with parameters ρs = 0.054 GeV/cm
3, the scale radius
rs = 21.5 kpc and best-fit case for the slope α = 0.17 [56]. The inner radius density profile
for Einasto profile is not as steep as the NFW one with r−1. Close to solar radius both
models become quite similar.
In fig. 10 we present our predictions for the diffuse γ-ray flux Φγ produced by dark
matter annihilation in the Galactic center vs. the neutralino mass mχ for the NFW halo
model. We also assume a conservative energy threshold Eth = 10 GeV and ∆Ω = 10
−5sr
to match Fermi’s resolution. Both the 68% and the 95% total probability ranges (inner and
outer contours, respectively) are shown. As expected, the largest flux corresponds to the
low-mass bino-like neutralino region, but note the 68% probability the higgsino-like region
at mχ ∼ 1 TeV. Blue, red and green trianges denote the best-fit points for the bino, mixed
and higgsino-like cases, as before. Fermi’s reach with one year of data is also indicated
(horizontal black/dashed line [57]). Using the Einasto model instead gives slightly lower
fluxes, since the profile is less steep in the Galactic center than the NFW one.
The emerging picture is fairly similar to the CMSSM [45]. In particular, it is clear that
the largest uncertainty in assessing Fermi’s prospects for detecting a signal in this model
lies in the cuspiness of the dark matter halo profile at small radii. If the steepness of the
profile in the Galactic center is similar to that of the NFW or Einasto model, then a signal
in the NUHM or CMSSM is highly unlikely.
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Figure 10: The diffuse γ-ray flux Φγ above 10 GeV produced by dark matter annihilation in the
Galactic center vs. the neutralino mass mχ for some popular halo models. The left panel shows the
posterior pdf (with 68% and 95% regions), while the right panel presents the profile likelihood.
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Figure 11: Positron flux fraction produced by dark matter annihilation in the Galactic halo vs.
the positron energy Ee+ , for the three best-fit points corresponding to different DM composition:
gaugino (blue), mixed (green) and higgsino (red). The solid lines assume the NFW profile, while
the dashed lines are for the Einasto profile. Everywhere a boost factor BF=1 is assumed.
Finally we present the NUHM’s predictions for positron flux from neutralino dark
matter annihilation in the local halo. Once produced, positrons propagate through the
Galactic medium and their spectrum is distorted due to synchrotron radiation and inverse
Compton scattering at high energies, bremsstrahlung and ionization at lower energies. The
effects of positron propagation are computed following a standard procedure described
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in [58, 59], by solving numerically the diffusion-loss equation for the number density of
positrons per unit energy dne+/dε. The diffusion coefficient is parameterized as K(ε) =
K0(3
α + εα), with K0 = 2.1 × 1028 cm2sec−1, α = 0.6 and ε = Ee+/1 GeV, mimicking
re-acceleration effects. The energy loss rate is given by b(ε) = τEε
2, with τE = 10
−16sec−1,
and we describe the diffusion zone (i.e., the Galaxy) as an infinite slab of height L = 4kpc,
with free escape boundary conditions. Changes in the above positron propagation model,
especially K(ε) (see, e.g., [60, 59]), can potentially lead to variations by a factor of 5 to 10 in
the spectral shape at low positron energy, Ee+ ∼< 20 GeV [61]. Most high-energy positrons,
on the other hand, originate from the local neighborhood the size of a few kpcs [59, 62],
and their flux is less dependent of the halo and propagation dynamics. In order to reduce
the impact of solar winds and magnetosphere effects on the model’s predictions, it is
useful to consider the positron fraction, defined as Φe+/(Φe+ + Φe−), where Φe+ is the
positron differential flux from WIMP annihilation, while Φe− is the background electron
flux. For background e− and e+ fluxes we follow the parametrization adopted in ref. [59]
from ref. [60].
In fig. 11 we present the positron flux fraction produced by dark matter annihilation
in the Galactic halo vs. the positron energy Ee+ for the bino (blue), mixed (green) and
higgsino-like (red) cases, and for the two halo models considered above. Also included are
the relevant experimental data [63, 64], including the recent Pamela result. It is clear that
supersymmetric dark matter in the models like the NUHM (and also the CMSSM [45])
falls far short of reproducing the Pamela result. This would remain true even if one
would be prepared to consider an unlikely existence of very dense local DM clumps for
which the boost factor would be unrealistically high, ∼ 103. Although a more refined
analysis fitting signal and background simultaneously would be required to draw more
quantitative conclusions, it is clear that the spectrum predicted by the NUHM appears to
have a very different energy dependence from the flux observed by Pamela. This is not
necessarily a problem for the NUHM, and other unified SUSY models like the CMSSM, as
long as their signal remains below the observed flux, since a more conventional astrophysical
explanation in terms of pulsar radiation may be entirely sufficient to account for Pamela
observations [65].
5. Conclusions
The MCMC analysis of the Non-Universal Higgs Model performed in this paper reveals a
remarkably rich and complex structure of its parameter space. While the properties of the
model are in some aspects fairly similar to the CMSSM, we have found several interesting
differences. Perhaps the biggest one is the existence of higgsino-like dark matter with a
mass close to 1 TeV. The higgsino dark matter results from having more parameters than
in the CMSSM but also from the focusing effect being less strong than in that model. A
detailed statistical analysis shows that this higgsino-like DM region is put under pressure
essentially only by the constraint from the anomalous magnetic moment of the muon, while
all other present-day constraints cannot rule out this possibility very strongly.
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In terms of observational consequences at colliders, while a more detailed analysis
would be required to make a more rigorous quantitative statement, a simple comparison of
the mass spectra of the superpartners and the lightest Higgs leads us to believe that the
NUHM appears rather similar to the CMSSM, which will make it difficult to experimentally
distinguish the two models. Again, the best prospects may be provided by finding in direct
detection searches a ∼ 1 TeV dark matter WIMP, since such a case in the CMSSM is highly
unlikely [26, 19]. Fermi’s prospects for probing the model strongly depend on the cuspiness
of the dark matter profile in the Galactic center, and with NFW-like profiles appear rather
unimpressive. Likewise, positrons produced in dark matter annihilation remain well below
the Pamela result.
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A. Illustration of prior dependence
We illustrate the dependence of our results on the choice of priors for the NUHM parame-
ters. As in any Bayesian analysis, the choice of priors determines the metric with which the
parameter space is scanned, and therefore it can have an impact on the resulting posterior
probabilities. It is however expected that the prior choice ought to become irrelevant once
the constraining power of the data is sufficient (see [66] for an illustration). Indeed, it
has been shown in a case study that future LHC mass spectrum measurements are likely
to lead to inferences on the parameters of the CMSSM whose prior dependence will be
strongly reduced [20].
We repeated our scans using a prior uniform in the NUHM masses (m1/2, m0, mHu
and mHd), rather than uniform in their log, as before. The prior on the remaining NUHM
and SM parameters has been left unchanged. We call this prior choice the flat prior. A
priori, this choice expresses a state of indifference with respect to the masses themselves,
rather than with respect to their order of magnitude, as with the log prior. However, one
has to bear in mind that a choice of a uniform metric on a linear scale can lead to very
strong “volume effects” even in a parameter space of moderate dimensionality. This refers
to the fact that on a linear scale most of the volume of a D dimensional cube is near its
edges. To estimate the magnitude of this volume effect, recall that, for the flat prior, the
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volume encompassed by the mass range between e.g. 1 and 4 TeV is a factor 104 larger than
between 100 and 400 GeV. For comparison, under the log prior the ratio of the volumes
of the two regions is unity. Therefore, in order to completely override the prior volume
via the likelihood, one would need at least a ∼ 4.3σ preference for the low mass region.
Clearly, current data is not constraining enough to override the prior preference for large
mass in this case. Therefore, analogously to what is observed in the CMSSM [19, 13], we
expect that under a flat prior choice our posterior probability mass will be shifted towards
larger masses.
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Figure 12: The same as in fig. 1 but for the flat prior. Coloured triangles show the location of
the best-fits for each of the DM composition (blue for gaugino, red for higssino and gree for mixed).
The considerable shift in the probability density is largely due to a volume effect from the flat prior
arising from the large number of samples at large mass for this choice of priors.
This is indeed what is observed in fig. 12, which is to be compared with fig. 1. The
overall effect of the flat prior is to produce a large number of samples in the large mass
region, despite the fact that the best fit is still found in the low mass region. A closer
analysis reveals that the average χ2 of the 68% probability cloud is rather poor, (〈χ2〉 =
20.88) hence pointing to a strong volume effect. Thus the flat prior appears to override
the preference for the small mass region (where the average χ2 is generally better), in the
sense that it imposes a measure on parameter space that does not adequately explore the
low mass region.
A detailed comparison of the results from the two prior choices shows that generically
the flat prior puts a stronger a priori probability to the large mass region, therefore gen-
erally favouring more strongly the higgsino-like DM scenario outlined before. Therefore in
a flat prior scan all of the distinctive higgsino-like features highlighted above are strongly
enhanced. The best-fit χ2 found under the flat prior is also quite a bit poorer than the
one under the log prior: χ2 = 5.55 under the flat prior vs χ2 = 1.62 under the log prior.
This shows that the flat prior scan does not sample accurately enough the low-mass region,
which has a relatively small extension given the choice of a uniform metric on a linear
scale. On the other hand, removing the (g− 2)µ constraint brings the best fit value for the
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flat prior (χ2 = 2.25) within less than 1σ of the value obtained for the log prior without
the (g− 2)µ constraint (χ2 = 1.60), showing that it is indeed this latter measurement that
primarily drives the quality of fit in both scans. As mentioned above, this result shows that
the best-fit values obtained from our MCMC scans can only be considered as representative
of the quality of fit that can be achieved in each region. A dedicated investigation of the
robustness of the best-fit values and of the ensuing profile likelihood is left to a future work.
The phenomenology ensuing from the flat prior choice remains qualitatively similar to
what has been presented above, although there are fairly evident quantitative differences
due to the volume effects mentioned here.
It must be emphasised that the physical features of a model necessarily do not depend
on our choice of Bayesian prior – in each case a given point in the parameter space will
give the same physical result. What does depend on the prior in the case of insufficiently
constraining data is the weighting that a given point contributes to producing a posterior,
which is a probabilistic and not physical result. Therefore, while the physical signatures
for a given model are obviously prior independent, the ensuing statistical conclusions may,
and often do, depend on the choice of priors and statistical approach used. Of course
in the limit of strongly constraining data, statistical inferences are expected to become
essentially independent of such choices. While we point out that current data are not
sufficiently constraining to eliminate prior dependence in the NUHM, we do consider our
results obtained under the log prior to be more robust and more conservative.
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